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Experiments are presented that show the feasibility of reconstructing a point source using acoustic 
time-reversal with a single transmitter/receiver. The propagation medium is a closed 2-D silicon 
cavity with chaotic ray dynamics and negligible absorption. Injection of a short pulse at one point 
yields a long signal at a second one; by reversing apart of this signal, we obtain a focus at the initial 
injection point The characterization, of the focus was observed by scanning with an optical 
interferometer and by measuring tnesignal at the focal spot With circular converging wavefronts, 
the reconstructed focus was excellent (corresponding to an aperture of 360°), but not perfect The 
increase in quality of the focus with growing length of the reversed signal is described by a 
statistical ray model Despite the irreversibility in classical chaos (due to strong sensitivity to initial 
conditions), the underlying chaotic ray dynamics is useful in this case. C 1999 Acoustical Society 
of America. [S000 1-4966(99)04301 -5] 

PACS numbers: 43.20.-* 43.20JDk, 43.20JPn, 43.25Jtq [DEC] 



INTRODUCTION 

Acoustic time-reversal mirrors ere devices able to gen- 
erate the time-reversed counterpart of a given wave, usually 
emitted by a point-like source. 1 " 3 This is done by measuring 
the incident acoustic field over a large surface, using an array 
of piezoelectric transducers. The signal of each channel is 
recorded, time-reversed, and finally re-emitted by the same 
element This process creates a wave with the same shape as 
the incident one, but propagating in the opposite direction, 
thus focusing on the location of the initial source. One of the 
main problems of acoustic time-reversal experiments is the 
need of independent transmit/receive channels for every 
transducer element. A reduction of the number of elements 
generally implies a smaller aperture, and thus larger focal 
spots. In several experiments, it has been observed that mul- 
tiple reflections and scattering tend to enhance focusing qual- 
ity in resolution and amplitude. Roux et at. 6 carried out time- 
reversal experiments in waveguides: The reflections on the 
boundary artificially enlarge the aperture of the time-reversal 
mirror and thus reduce the focal spot size. Derode eta I. 1 
performed time-reversal experiments through multiply scat- 
tering media. Besides the surprising temporal recompression 
of the reversed signals, the focal spot size corresponds more 
closely to an aperture associated with the size of the multiple 
scattering medium rather than to the physical aperture of the 
mirror itselt la both cases, the information contained in the 
wider angles, which is lost for small apertures, is redirected 
or scattered onto the active surface of the mirror, which thus 
may be reduced The price to pay for this gain of information 
is a longer recording time for the signal. 

In this study, we examine the reduction of the receivers 
down to one. In this case, the propagation medium has to be 
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a closed cavity to avoid information loss at infinity, with 
very weak absorption to allow recording over a long period 
of time. We have chosen a 2-D silicon wafer as the propa- 
gation medium; waves are injected and measured by trans- 
versal transducers, fixed to aluminum cones. It will be shown 
that our measurements are consistent with the hypothesis that 
the shape of the cavity is of crucial importance. In tact, we 
use a cavity with chaotic ray dynamics: The information con- 
tamed in each ray emitted by the source can only be recorded 
if the ray, after several reflections, passes sufficiently near 
the tune-reversal transducer. This behavior is ensured by er- 
godicity, which can be easily obtained by choosing a cavity 
in the shape of a chaotic billiard. Such a cavity also ensures 
mixing of the ray angles. 

However, we have to point out one fundamental differ- 
ence of this setup as compared with the experiments cited 
above. This is no longer a scattering experiment where we 
measure the outgoing waves after scattering from the me- 
dium. In the closed cavity, we measure instead the wave field 
at some given point inside the medium. Thus, unlike in scat- 
tering experiments, the wavefronts here continue to propa- 
gate in the medium after being measured and may even be 
measured again after several reflections at the boundary. This 
possibility of a multiple measurement is a disadvantage; it 
will be shown that it ultimately leads to a reduction of the 
quality of the time-reversed wave field. 

In Sec. I, we present the general characteristics of our 
experimental setup. Section II shows bow one-channel time- 
reversal experiments are carried out, and presents the spatial 
and temporal focusing properties. It turns out that the focus- 
ing quality increases with the length of the reversed signal 
Section III describes this growth by a statistical approach of 
the ray dynamics of the cavity. Section IV gives two ex- 
amples of cavities, where the assumption of ergodicity it not 
fulfilled, and the time-reversal process foils to work property. 
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FIG. L Elastic waves ire injected by means of transversal transducers fixed 
to AJ-ccnes. A short signal injected at om of the trassducers, A, craatea a 
long-Urtiog, rrverbemiing w*v* ftckfc The lignal obtained it i iccood point, 
fl, is slowly decaying. 

I. EXPERIMENTAL SETUP AND 8YSTE1I 
PROPERTIES 

The propagation media we use era circular wafer* of 
100- or 125-mm diameter, with a segment of variable size 
cut off (between 4% and 75% of the diameter). A billiard of 
the same shape has been shown to have chaotic trajectories. 1 
The wafers are 525 /on thick and cut parallel to the plane 
(100) of the crystal lattice. If we neglect anisotropy, only 
three modes of propagation exist in the frequency range we 
used (around 1 MHz): SH waves with a nondispersive veloc- 
ity around 5000 m/s, the Lamb mode S 0 with approximately 
8300 m/s, and the highly dispersive A 0 mode with respective 
phase and group velocity of 2600± 100 m/s and 4400 
+ 200 m/s. During .the typical scale of time (1 ma) of an 
experiment, the waves are reflected between 40 and 80 times 
at the boundary. The SH and S Q waves are coupled by reflec- 
tions at the border of the cavity; the A 0 mode propagates 
independently. Besides, the^ 0 propagation is isotropic in the 
plane. While, by definition, the SH mode has no normal sur- 
face displacement, this displacement of the S 0 mode is only 
very weak, as mis mode is quasilongitudinal in the frequency 
range we use. The A 0 mode, being c^itransversa!, is the 
only mode having sufficient norma] surface displacements to 
be detected by an optical interferometer. This mode also has 
stronger coupling to the surrounding air, which results in a 
higher decay rate. 

Sound injection and measurement is done by transversal 
transducers fixed to Al cones whose tips touch the wafer 
(Fig. 1). This technology has initially been developed by 
J.-P. Nikolovsky in our school for sound injection in glass 
plates. 9 It permits a point-like coupling to the system with 
negligible perturbation of the wave field. The up of the cone 
acts as a dipole source and/or measuring point The A 0 and 
Sq waves are mainly emitted in directions around the polar- 
ization axis jc, and the SH waves travel in the perpendicular 
directions (Fig. 2). It turns out that the use of a dipole source 
is not the best choice as it permits a priori only dipole fo- 
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PIG. 2. The modes S 9 and A % are mostly emitted in direction* around the 
polarisation axis x of the dipole source point, the SH wsves mainly in the 
perpendicular directions. 

cusing in time-reversal experiments. However, using a trick, 
we show in Sec. □ how it is possible to obtain monopole 
focusing. Also, in Sec IV, we point out how the use of a 
dipole source reveal i interesting aspects of the chaotic be- 
havior of the medium. 

Injection of a short pulse m one of the transducers. A, 
creates inside the cavity a reverberating acoustic field with 
weak attenuation. In tact, the signal observed (after pream- 
plification) by a second transducer, B, is slowly decaying 
(Fig* I) with a decay period thousands of times longer than 
the injected signal (1 >is). Figure 3 shows the intensity decay 
on a logarithmic scale. One observes indeed two different 
regimes: During the first few milliseconds, the mode A 0 
dominates, but decr e ase s relatively quickly with a period of 
approximately 3 ms, thus revealing the slow decay of the 
coupled Sq/SH waves (10 to 20 ms, depending on the wa- 
fer's size). The length of the signals to be time-reversed (the 
time- reversal windows) is, with a maximum of 2 ms, always 
small compared to the latter decay period, and the intensity 
level inside the window will be considered as constant in the 
regime Sq /SH. For experiments involving the A 0 mode, we 
give only qualitative results. 

The electronics of the time-reversal mirror provide for 
the initial emission a short sinusoidal burst of 1 MHz central 
frequency and a Gaussian envelope of width 0.4 /is, with an 




tons) 

FIG. 3. Deesy of the average intensity received tX point B after injectioo of 
a ihort signal in A. For relatively short propagation times, the Lamb mode 
A 0 dominate*. But as this mode is better coupled to die surrounding sir. it 
decreases more quickly than the S 4 and SH nudes dial are permanently 
converted into each other at the boundary. 
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PIC 4. B-mam of the oonnl surface diaptaoomcoi u nantd with an 
optical fadsfftnawter Along the petarixation axaxoftbedipoicKxirce^ (at 
Jt-0), (a) doing the Initial cmuskm, (b) daring refbeudng. The 04cans 
have bees obtained using a spatial step of a I mm and a serepuig frequency 
of 15 MHz. 



amplitude between 10 and 80 V into a 50-fl impedance. The 
received signals are digitized using 8 bits with a sampling 
frequency of either 7.5, 10, or 15 MHz. 

II. THE TIME-REVERSAL EXPERIMENT 

In the first step of the experiment, the transducer at A 
emits a short pulse at /-0, At point B, the signal is recorded 
and, after tiroe-rcverea] and amplification, a part AT 
■['it'll (&* time-reversal window) is reinjected at this 
same point during the second step. Using a new (simply 
shifted) variable of the time scale t M , we start re-emission at 
tR= -/j. This leads to a focusing in A at t M ~0. 

A. Spatial rocompreselofi 

We used a heterodyne Mach-Zehnder type of interfer- 
ometer that was developed in our laboratory by O. Royer 10 to 
scan the acoustic field of the A 0 wave around the point A, 
The wafer is, in this case, mounted on a set of two motors 
able to translate the system in two diwwnyini^ parallel to its 
sur&ce. The emission is then repeated for every point where 
the time variation of the field is to be recorded. Figure 4(b) 
shows a B-scm of the normal surface displacement on the 
polarization axis x of A after a time-reversal of U ms in S. 
It has to be compared to the direct emission of the short 
pulse in A, shown in Fig. 4(a). In both figures, one observes 
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FIG. 5. Linear representation of the monopole refocudog A a wave, me*> 
used by (be Uite r lh t ouiete r. Note the circular thane of the wavefroctj ind 
the background potse level beat aeeo in (a): One-erjannel time-rocral pro- 

the dipole character. However, if the fl-scan of (b) was the 
real time-reversal of (a), there should be no outgoing wave 
after focusing. This is a common property of all time- 
reversal experiments: The energy in the system is not sucked 
out at the moment of focusing (which would be the time- 
reversal of the initial energy injection), so that the wave di- 
verges again afterwards. Also, one can see some noise level 
elsewhere than the converging and diverging wavefrouts. In 
summary, Fig. 4(a) and (b) show that it is possible to obtain 
a good, but not perfect, time-reversal with a one-channel 
time-reversal in B. But for a quantitative evaluation, a mono- 
pole focusing is preferable. 

We have used a trick to obtain a monopole focal spot 
using transversal transducers. In the first step, the short pulse 
is now injected by the transducer at B instead of A. Instead of 
the second transducer, we use the interferometer to record 
the signal st point A. Being sensitive to normal surface dis- 
placements, the interferometer acts as a monopole receiver. 
The reciprocity principle tells us mat the signal obtained is 
exactly the same as the one that would be recorded with a 
monopole emitter in A and a dipole receiver in B. Thus, this 
signal can be used to simulate a time-reversal experiment 
with a monopole source at j4 and a dipole reversal point at B. 
In the second step, we reinject a part of the signal at B. This 
leads to a monopole focusing uA. A linear representation of 
the Aq wave field around the focal spot is given in Fig. 5. It 
has been measured on a square of 15X 15 mm with a step of 
0.25 mm for a time-reversal window of size 2 ms. One ob- 
serves circular incoming wavefrouts which focus at ^=0 in 
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A. This means thai in a closed reflecting medium, using a 
single emission point (the reversal point B\ it is possible to 
obtain a focusing quality which corresponds to an angular 
aperture of 360°. But there is a certain noise level inside the 
system. This shows that the spatial recompression of the 
time-reversal process is less than perfect far from the focus. 
However, the cut through the focal spot, shown in Fig. 6, has 
a width of 1.1 mm for a central wavelength of 2.6 mm. This 
indicates that the A 0 wave is almost perfectly focused near 
the peak. 



FIO.8, Refccuaed signals for different tnne-rov«*al window* of tamt size 
(120 >*). Hie lidelofce* change, but the peak U not altered 



high values. The refocused signal JatOs) approaches then 
an asymptotic shape, S„(t B ), and increases linearly with 
Ar^K^-AT^), for Ar-»». In particular, for 
large tune-reversal window*, the refocused signal does not 
depend on their position, but only on their length. We con- 
sider the refocused signal JaK'x) " a superposition of two 
contributions: A first part, Ar-5.(/^), which does not 
> and which contains the peak as well as cer- 



tain unavoidable sidelobea, called residual sldetoba. The 



B. Temporal recompression 

Again using transducers for bom A and B t we now ob- 
serve the refocused signal at A after time-reversal at B. One 
obtains a sharp peak at f*-0, standing out from more or Less 
temporal sidelobes (Fig. 7). If we change the position of the 
time-reversal window, the peak does not change in shape or. 
amplitude, unlike the sidelobes (Figs. 8). As the medium is 
linear, the signal obtained by a reversal of a long window 
(which can be cut into several small windows) is the same as 
the superposition of the contributions of all the small win- 
dows. This implies that the amplitude of the peak increases 
linearly with A T (which stands, depending on the context, 
for the interval [/ t ,/ 3 ] of the time-reversal window or, as 
here, for its length). It means also that higher amplitudes at 
the focus can be obtained not only by emission of a stronger, 
but also with a longer, signal Excluding the possibility of a 
destructive superposition of the (temporal) sidelobes, their 
rms value increases linearly with VATif the contributions of 
different windows are perfectly uncorrelated, or fiuter if they 
are not 

In Fig. 9, we present refocused signals for different win- 
dow sizes, and; in Fig. 10, the peak/sidelobe intensity ratio. 
From a certain value of AT* on (about 1 ms), the shape of the 
sidelobes does not seem to change any more. The intensity 
ratio, which increases linearly for small AT, saturates for 
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PIG. 7. Refocnjedaigral obtained at A sfter * time-reversal of 1600 /a it a. 
The presented signal is about 210 fta long. 



FIO. 9. Refocuaed signals for different tun 
quality of the focus increase* with the size. ( 
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PIO. 10. For «n»U timwevcnal window tax*, the pcakfeiddobo intensity 
ratio bcreaws lioetity, bat eaten t saturation regias for longer reversed 



second part changes with position and size of the window 
and can hence be reduced by reversing a longer signal We 
designate H noise: s^h)"*?' +noise. This noise 
is not a measurement noise that can be reduced by averaging 
over several acquisitions. On the contrary, this noise is re- 
producible from one acquisition to the other; its origin is 
only in the limited size of the time-reversal window. 



Ill THE RAY MODEL 

A. Introduction 

In this section, we propose a simple statistical approach 
to explain the noise appearance. It is inspired by ray trajec- 
tories inside the cavity. The description of the wave field by 
a ray approximation is mostly intuitive and even difficult to 
justify as the radius of curvature of the cavity is relatively 
small and the paths are long. However, as we shall see, it fits 
exactly the experimental observations of the signal-to-noise 
ratio. The main idea it the following: In the first step of the 
experiment, imagine that A emits acoustic rays in all direc- 
tions. (For simplicity, let A and B be monopole sources/ 
receivers and the short pulse be a ^function.) As the cavity 
is ergodic, every ray passes after more or less reflections 
sufficiently near B to be measured. The signal obtained is 
then a series of pulses, each one corresponding to a particular 
path between A and B. In the second step, apart of this signal 
is time-reversed and reinjected at B. Unlike a time-reversal 
mirror that creates the reversed waveftont in Sent of its ac- 
tive surface, B does not send back each peak only in the 
direction where the corresponding ray came from, but in all 
directions. Rays taking the "good*' direction trace exactly 
their path back and arrive at t M =0 at A. At mis point, they 
superpose in a constructive way, giving the refocusing peak. 
All the rays taking "bad" directions may also superpose, 
thus giving rise to noise. But their superposition may be 
considered as random, thus increasing more slowly with the 
length of the time-reversal window than the refocusing peak: 
The signal-to-noise ratio is higher for longer reversed sig- 
nals. 



B. Calculation of the signaMo-ftoif* ratio 

Let h(t) = k AB (t) = h BA {t) be the impulse response from 
A to B. Imagine that h{t) is a superposition of Dirac pulses 
with arrival time t t and amplitude A t : 



[This assumption is not strictly true as, in 2D, the im- 
pulse response is not giving speaks, but peaks of type 
H(t-rfc)-(l 2 -r*/c 2 y m , where H is the Heaviside step 
function, r die distance and c the wave speed. However, for 
long distances and short pulses, the only effect of the differ- 
ent impulse response is a change in shape of the received 
signal, which can be formally included in the excitation 
function /(0 emitted by A that convolves finally the impulse 
response.] 

We define pOMS,^/-*,)) as the average density of 
ray arrival times. The brackets (.) are defined as an ensemble 
average over all possible pairs of points (A,B). Of coarse, the 
impulse response is different for every pair of points, but 
because of the ergodic character jrf the cavity, we expect the 
same statistical properties. Let A(t)=(A(t)) denote the av- 
erage amplitude as a function of time, and A I {t)^{A 3 (t)) 
denote the average of its square. Aa excitation signal /(f). 

we take a short pulse centered mound t—O and with 
Jdt f(t) - 0, i-e., of average zero. The signal measured at B 
is then 

and its expectation value is 

< W)>« | *i P<^M('i)/f <-'i>. 

We assume that pA varies slowly enough during the 
duration of /so that the integral vanishes: {S AB (t))"0. 

We reinject a part of the signal AT=[/, ,/ 2 ] in B. The 
part of the reversed impulse response is 

* < '*> |o. elsewhere 

Due to reciprocity, the impulse response from B to A is 
the same as the one from A to B t and we obtain for the signal 
at A after reversal in B (for A 7> width off) 



As A is a Dirac function fox every arrival time, 
r ) » nonzero if and only if rand fj+T corre- 
spond to two arrival times. Let t t ~r and 1j~tg+ t m t B 
+/,, then the signal can be written 



f f a AT tj 



Hence, the re focused signal is a superposition of many 
elementary signals J\t). We are going to split this sum into 
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' three parts. The first one, responsible for the refocusing peak 
itt R =O t is given by /j« tj , i.e. f the diagonal elements of the 
double sum: 

The second part can be evaluated by assuming a random 
superposition of the elementary signals, given by all pairs 
(/,,*,) whose difference behaves as a random variable. We 
call them uncorrected pain (t it tj) and the corresponding 
part of the signal incoherent noise. 

If^tjUBCOtt. 

This sum contains almost all pairs of arrival times. But 
there are also pairs t t * tj that are correlated This fact can be 
ascribed to rays that, with origin at A, pass over this same 
point before arriving at B and to rays passing over B several 
times during propagation. These pairs give rise to the re- 
sidual sidelobes, the third part of the sum: 



The latter sum cannot be evaluated at is; the residual 
sidelobes are not described in a satisfactory way by our ray 
model. However, a model using a decomposition of the wave 
field in eigenmodes of the cavity gives a complete descrip- 
tion of this phenomenon. It is published in a second paper. 11 

Now we want to evaluate the signal-to- noise ratio, i.e., 
the peak-to-noise ratio. 

The expectation value of the peak is 

The expression p7=h represents the average intensity 
measured in B during the first step. Assuming an ergodic 
lossless cavity, its value must be constant in time, thus 

The amplitude of the peak is proportional to the excita- 
tion function and the window size A T. It does not depend on 
the density of arrival times or the corresponding amplitudes. 
The incoherent noise is, of course, of average zero. Its vari- 
ance is given by 



-/ 2 AlA)f>{t k -[t r t t ))\+ 1 2 A4jbM-u r t t )) 2 4* 



In these sums, several terms are excluded corresponding 
to correlated or same-arrival times. As these terms are small 
in number compared to the other ones, we commit only a 
small error by reintroducing them, but supposing them un- 
correlated. The average of the double-sum terms can then be 
chang ed to a product of two averages, in which each factor is 
equal to the noise average that is zero. Hie only 

contribution is given by the diagonal terms. Thus, f 

{SLJL'*))= ]jh\ *j P«dA*«i)p«j)F(tj) 

x/^-C/y-',)). 

We replace pA 1 by / 0 . The integral over tj simplifies to 
E/=fdt jT(t), the 4 •energy" of the excitation function. One 
obtains finally 

independent from t% . 

The peak-to-noise ratio is found to be 



R^-wBx(S^tx))/yl{^-(TnM 

which is proportional to the square root of A 7*. Thus, a short 
signal of high amplitude is better suited for high signal-to- 
noise ratios than a longer signal with a lower peak value, but 
containing the same energy. 



C. Comparison with experiment* 

The signal-to-noise ratio calculated above is not conve- 
nient for the description of experimental data. First, we pre- 
fer a value which docs not depend on the shape of the signal. 
We consider, therefore, the energy of the peak instead of its 
roaxumi ro * 
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FJO. U. Evolution of the peak/ooise Intensity ratio (after subtraction of tbc 
residual sidelobea) for faxreasiag dneHreveml window*. 

Second, as we cannot directly measure the variance of 
the noise, we estimate its value by taking the average over a 
window A/ ff in the refbeused signal (Given the ergodic 
character of the system, mis should be a good estimator.) 
The energy of the noise inside this interval is given by 

J 4/ j, 

The theoretical ratio is linear in AT: 

Third, we do not have direct access to the incoherent 
noise as it is superposed to the residual sidelobes. However, 
the difference of two refbeused signals, St Tl ~S ATjt for two 
nonoveriapping time-reversal windows AT", and A7 2 of the 
same size, erases the peak and the residual sidelobes. The 
noise behaves like a refocused signal obtained by a window 
of size &T«A7|+Ar 2 * These facts have been taken into 
account to obtain the experimental data in Fig. U. The 
agreement is excellent Note that the straight line is the the- 
oretical ratio, drawn without fit to the experimental data. 
This justifies thus, a posteriori, the model 

IV. TIME -REVERSAL IN REGULAR CAVITIES 

In order to show the importance of the ergodic and mix- 
ing character of the cavity, we present here two examples of 
cavities, where this assumption is not, or not completely, 
fulfilled. 

A. Rectangular cavities 

Rectangles are a favorite example of regular billiards. 
The angle of the trajectory is a constant of motion and so the 
path of amy can be predicted in the long term. By symmetry 
considerations, it is easy to see that a one-channel time- 
reversal in a rectangular cavity produces several focal spots 
other than the source point A, with different amplitudes. (In 
fact, there are up to nine.) In the experimental setup shown in 
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Fio. |2. One-channel time-reversal in rectangular cavities produces several 
focal (pott. In this particular configuration (A located on the polarization 
axis of fl. which Is parallel to one side of the rectangle), some of <hem are 
superposed in A'* 

Fig. 12, some of these image points superpose at A' . Figure 
1 3 presents a C-scan, taken at the focusing instant, showing 
the monopole at A and its image at A\ symmetrical to the 
reversal point B. The feet that B is a dipole source gives 
another interesting aspect to this experiment B is only able 
to emit or receive in directions around its polarization axis. 
As the angle of each ray is conserved, the monopole focal 
spots oXAtndA' no longer have circular symmetry, but are 
biased by the directivity pattern of the reversal point 

B, Temporal dependence of mixing 

Chaotic cavities whose shape is only slightly different 
from the regular case do not reveal their ergodic properties 
over short time-scales. For the Gscans presented in Fig. 14, 
we have used an almost circular wafer, with a segment of 
only 4% of the diameter cut off. In circular billiards, the 
constant of motion is the angular momentum. If A and B are 
at the same distance from the center, this would lead, just as 
in the case of rectangular billiards, to monopole focal spots 
with the directivity pattern of the dipole reversal point. In the 
case of our almost regular cavity, the time-reversal of the 
first 2 ras (AT=[0;2 msj) shows exactly this behavior [Fig. 
14(a)! If one reverses instead the following two milliseconds 
(Ar=~[2 ms;4 ras)), the focal spot is of circular symmetry 
[Fig. 14(b)]. Obviously, the angular mo m entum of a ray is 
conserved over medium periods of time. To be mixed, the 
ray has to be reflected at least once at the small part of the 
boundary where the segment is cut off. And only a mixing of 
the angular momenta allows rays to approach the focal spot 
from other sides than the directivity pattern of the reversal 
point. 




FIO. 13. C-scan of two (monopole) focal spots in s rectangular cavity aa 
measured by an optical in terferometer. The converging w&vcfrtmts are no 
more circular, but biased by the directivity partem at (he reversal point B. 
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FlO. 14. Cleans of the rdbewed wive* Id a weakly cfaiotio bflUard. 
(a) Tirrnwevcrsal of t window directly after emiasion (A r- [0,2000 as)) 
itiU shows the directivity pattern of the reversal point, (b) Ray angles mix 
ifter longer trajectories (Ar-[2000 /is.4000 /uj) end arrive from sfl di- 
rection* tt the focal tpot 

V. CONCLUSION 

Acoustic time-reversal experiments usually need Urge 
arrays of transducers. In this paper, we present experiments 
proving the possibility of reducing the number of elements 
down to one by using multiple reflections inside the propa- 
gation medium. The experiments are carried out with a 2-D 
silicon wafer, wherein the injection of a short ultrasonic 

puleo at one point reverberate* over a very long time Tho 

signal it recorded st a second point, time-reversed and re- 
emitted. We obtain an excellent focusing at the initial source 
location. 

The focusing peak has been observed using two meth- 
ods: First, we scanned the field of one propagation mode 
(A 0 ) around the focal spot using an optical interferometer. 
One is able to obtain circular converging wavefronis that 
collapse at the initial source point and diverge afterwards. 
However, a certain noise level cannot be avoided. Second, 
we observe the refocused signal using the transducer located 
at the initial source. We obtain a short peak standing out 
from more-or-less temporal sidelobes. The refocused signal 
depends crucially on the size of the time-reversal window, 
i.e., the length of the reversed signsl The amplitude of the 
peak increases linearly with the reversed time; the peak to 
sidelobes level improves. For long time-reversal windows, a 
saturation regime is entered where the sidelobes can no more 
be reduced. The increase of the focusing quality with the 
reversed time can be successfully described by a simple sta- 
tistical model, inspired by ray trajectories inside the cavity. 
However, the residual sidelobes are not taken into account 
by this model. A more rigorous analysis, based on an ei gen- 
mode decomposition of the wave field, explains mis phe- 
nomenon and is presented in a second paper dealing with the 
theoretical limits of the time-reversal process. 11 



The use of a chaotic cavity is of crucial interest First, its 
ergodic ray dynamics ensures that every ray emitted by the 
source point can be recorded by the reversal point Second, 
we give examples of regular cavities wherein the one- 
channel time-reveraal does not work properly. Third, a theo- 
retical analysis, given in another paper, also takes advantage 
by assuming some properties of chaotic wave billiards such 
as, for example, spectral rigidity. While classical chaos in- 
hibits time-reversal experiments due to strong sensitivity to 
initial conditions, the wave chaos of this case is actually 
ugeft j. 

One-channel time-reversal experimenta can be easily re- 
produced. Unlike usual time-reversal experiments which 
need, in general, up to 100 transducers and the corresponding 
independent transmit/receive electronics, one-channel ex- 
periments have an extremely simple and low-cost experi- 
mental setup. Only two transducers are needed, and one 
transmit and one receive channel. We used a 2-D cavity in 
our experiments, but a 3-D cavity should work as welL 

Our lab is currently working towards a better character- 
ization of the time-reversal experiments in the transition 
rrom regular to chaotic cavities. We also want to try 
waveguides with a cross section in the shape of a chaotic 
billiard to obtain time-reversed focusing using a time- 
reversal mirror with fewer transducer elements. 
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